Abstract. The implementation of copper processing in semiconductor manufacturing has resulted in major process development and manufacturing challenges. A fundamental understanding of the copper plating processes used in manufacturing has been limited by the lack of in-line methods for direct measurement and control of process chemistry. Plating bath chemistry adjustments and change-out frequencies are currently determined using a combination of indirect electrochemical monitoring techniques, off-line analyses of wafer metrology and analytical lab measurements. There have been a number of industry reports of major process startup delays, yield management problems and reliability issues as a result of these difficulties. A new inprocess mass spectrometry (IPMS) approach enables automated, real-time measurement of both the inorganic components and organic additives in the copper electroplating chemistry as they change during production. The tool is not only capable of real time direct quantification of the copper, chloride, pH, and organic additives in the plating bath, but can also monitor additive breakdown byproducts as they occur during the production process. These breakdown products, as well as changes in the original bath constituent composition can be expected to have a major impact on process performance. We are now in the process of measuring longer term plating bath stability and chemistry changes in prototype applications in semiconductor fab manufacturing environments. The first results demonstrate improved process understanding and the potential for greatly improved process control. We will discuss the technical challenges that were successfully addressed in developing the IPMS capability for application to the copper plating process and the initial process data subsequently obtained.
INTRODUCTION
There is a major effort in the semiconductor industry to migrate from aluminum to copper interconnects in 1C devices. The common method for depositing the copper conductor film and filling the narrow vias that interconnect layers of metallization is electrochemical deposition (ECD). The ECD process is an extension of the same process used for plating copper electrical conductor on printed circuit boards and uses an aqueous copper sulfate solution containing sulfuric acid and chloride ions.
The properties of the deposited copper such as its resistivity, ductility and grain size are modified and improved by the addition of organic compounds. Historically they have been assigned functional labels -such as accelerators (brighteners), suppressors, and levelers -that describe their affect on the rate of copper electrodeposition and its morphology. However the demands of the 1C industry for successful bottom-filling of high-aspect ratio features, without defects, and for increasingly shrinking geometries, require increasingly tighter control over the relative concentrations of the organic additives and the basic inorganic components [1] [2] [3] .
In spite of the importance of these additives, there is an incomplete understanding at the molecular level of their role in the electrodeposition process. Current process characterization and control methods include a combination of chemical measurements from off-line labs [3, 4] and bath chemistry replenishment or changeout at empirically determined frequencies or in response to yield problems. Many copper ECD bath users employ a "bleed-and-feed" method to control the level of organic additives.
The method consists of removal of a portion of the bath (on the order of 10%) and replenishment with fresh solution on a daily basis, or other period. Some users then discard the bath after several weeks of use.
The most prevalent current technology for automated in-line control of bath chemistry employs cyclic voltametric stripping CVS [1] [2] [3] . This method relies on electrical signals to infer changes in the major organic components of the bath and has been extended to include "potentiometric titration" for measurement of inorganic components [2] . Use of these methods to accurately control process chemistry is difficult at best and ignores direct measurement of breakdown products. Breakdown products which occur during processing and bath aging are expected to be a major factor in the quality of the deposited film and are a process variable in need of direct process control. There exists a pressing need for a reliable tool that automatically monitors BCD process chemistry directly on-line and provides information that can be used to control the replenishment of the electrodeposition bath components. The same information will also accurately forecast the need for full bath changeout and warn of unexpected process tool problems and unforecasted maintenance needs.
In contrast to the above methods, a unique "chemical constituent analyzer" (CCA) variation of a new in-process mass-spectrometry (IPMS) metrology tool [5] [6] has now enabled in-situ, live-time measurement of electroplating bath process chemistry under actual processing conditions. This capability includes quantitative measurement of concentration changes in original bath components as well as identification and measurement of breakdown products as the bath is used in production.
In the following sections we will discuss the Cu BCD process in more detail and briefly describe the unique instrument design which makes this measurement capability possible. We will then present results which have been obtained in measurements of actual BCD process solutions and some of the new understanding of copper plating bath additives and process chemistry that has been enabled by this new capability. For a more complete description of the technology employed in the IPMS instrument please see Reference 6 from these proceedings.
THE COPPER ECD PROCESS
Unlike most semiconductor processes, electroplating takes place at atmospheric pressure, room temperature or below and in the presence of an aqueous electrolyte. The wafer is effectively immersed in an electrochemical cell and acts as the deposition electrode. Prior to the ECD process, a thin copper seed layer is deposited across the wafer surface by either CVD or PVD. This seed layer acts as the cathode of the cell. A consumable copper anode at the other end of the cell completes the circuit and provides the source for the Cu required to maintain the Cu content in the plating solution. The current in the external circuit is a direct measure of the copper deposition rate on the wafer. The conductivity and reliability of the copper is dependent on void-free plating into the vias and trenches of the dual damascene process used in semiconductor manufacturing.
Organic "suppressor" and "accelerator" compounds are added to the copper plating bath to enhance gap filling by locally affecting plating rates. The suppressor adsorbs on the wafer surfaces and slows down Cu deposition in the adsorbed areas. The accelerator competes with suppressor molecules for adsorption sites and accelerates Cu deposition in the adsorbed areas.
During electroplating, both the suppressor and accelerator are consumed at the wafer surface but are being constantly replenished by diffusion from the bulk electrolyte. However, differences in diffusion rates of the suppressor and accelerator components result in different surface concentrations of suppressor and accelerator at the top and bottom of wafer features, resulting in correspondingly different plating rates at these locations. Ideally plating rates should be significantly higher at the bottom of these features for bottom-up fill.
Appropriate composition of suppressor and accelerator in the bulk electrolyte are required to achieve the plating rate ratios required for the bottom-up fill that yields a void-free via or trench. In one study the acceptable process window was in the range of 7.5-12.5 ppm for the accelerator and 50-80 ppm for the suppressor [1] .
It has been found that the concentrations of suppressor and accelerator additives decrease with bath usage and possibly with bath aging. These additives must be replenished in order to maintain bath composition and the quality of the deposited copper film. Organics are consumed by 1.) incorporation in the deposited film, 2.) attachment to the wafer as it is removed from solution ("drag out") and 3.) chemical breakdown into byproducts.
Chloride is also quite important to the reaction. In its absence, the organic additives have reduced or no effect, whether suppressing or accelerating the reaction. Chloride depletion also occurs due to mechanisms similar to those discussed above.
In summary, the process window for successful void-free Cu electroplating of sub-0.25 um high aspect ratio structures required in current semiconductor manufacturing requires that the overall bath chemistry and additives be kept within a very tight range. As critical dimensions decrease, this range will tighten. Improvement in Cu ECD bath chemistry control using direct in-situ quantitative measurement is expected to significantly increase the yields and reliability of product which incorporates copper metallization. Better understanding of process chemistry will also result in a reduction in unexpected process shutdowns, reduce module qualification and requalification time and quantify chemical replenishment and replacement needs.
CHEMICAL CONSTITUENT ANALYZER (CCA)
As mentioned above the IPMS metrology tool, Figure 1 , is described more completely in another paper in these proceedings, Reference 6. This paper discusses a version of the instrument that has been optimized for chemical constituent analysis (CCA) and applied to the measurement of Cu BCD process chemistry under actual wafer processing conditions. Figure 3 , which operates at room temperature and enables molecular as well as elemental analysis by automatic adjustment of operating parameters ("soft" vs. "harsh" ionization mode). This contrasts with the low and high temperature plasma ionization processes used in ICP-MS (inductively coupled plasma mass spec). In these plasma processes the majority of the molecular species are broken down to elemental components or small molecular fragments destroying most if not all the chemistry information.
Briefly recapping the IPMS tool features described in Reference 6:
1. Automated sample extraction from the process bath and transfer to the metrology tool, Figure 2 . The tool can be located up to 30 meters away from the process bath while sampling up to four baths. each of these mass spectrometers have been used independently as instruments for massanalysis, and indeed the integration of the two in series is rare in commercial systems, this hybridization affords resolution and sensitivity unattainable by either alone. The time-of-flight mass spectrometer (TOF-MS) permits each isotope to be measured simultaneously and offers much higher resolution than standard quadrupole mass spectrometers. The key modifications required for the CCA application include sample preparation modules which enable sample dilution, routine operation in the "soft" ionization mode and software which supports the analytical protocols and data analysis routines appropriate for chemical constituent vs. trace element analysis.
Quantitation of Chemical Species
Classically, each measurement is matched against a standard calibration curve. Under normal operation, a mass spectrometer will 'drift' and become unstable. Constant monitoring and recalibration are absolutely necessary. As a consequence, samples of varying matrix characteristics cannot be analyzed collectively. However, the CCA tool, employing IPMS technology, applies the principles of isotope dilution mass spectrometry (IDMS) and speciated isotope dilution mass spectrometry (SIDMS) [7] [8] [9] [10] [11] [12] in an automated fashion enabling accurate, unattended quantitative elemental and molecular species measurements.
All but four naturally occurring elements have stable isotopes. These isotopes exist in known ratios, set at the time of earth's formation. A mass spectrometer measures the mass of each of these isotopes for each element. For example, Cu has two stable isotopes at mass 63 a.m.u. and 65 a.m.u., while Cd has eight stable isotopes from mass 106 a.m.u. to 116 a.m.u.
By employing on-line mixing, a known volume of the 'unknown' sample is mixed with an artificially enriched 'known' isotope 'spike' standard. A composite isotopic ratio can then be measured on a mass spectrometer for the element of interest. The amount of enriched isotope added and the concentration of the natural material present establishes a unique isotopic ratio that enables the derivation of the 'unknown' concentration for the element ( Figure 5 ).
Contributions to signals from the
Contributions to signals from the Therefore, no longer is quantitation dependent on a calibration curves which are obtained in time consuming separate measurement procedures. The final ratio of natural elemental isotope to the enriched isotope provides an answer that has very few, well defined possibilities for error. Each of these possibilities can be identified and compensated for, leaving the final error in the measurementthe uncertainty in ratio determination of the two isotopes-a function of the mass spectrometer's ability to make this isotopic ratio measurement.
The IPMS technique is effective because for each element, the element's isotopes respond identically to the same physical and chemical influences.
ANALYSIS OF COPPER ECD PROCESS CHEMISTRY Sample Preparation and Analysis Protocols
In this section we describe our first routine use of the CCA tool for measurement of Cu ECD process chemistry. Samples were collected over a period of time from a Cu ECD process module located in a development facility and being used to electroplate wafers in "production mode."
The samples were automatically diluted with UPW by a factor of between 10 2 to 10 6 before introduction into the mass-spectrometer. Each mass spectrum is the accumulated sum of 60,000 scans, requiring a total time for each spectrum of 2 minutes. The images shown are the average of 5 spectra. The CCA was operated in both positive and negative modes for anion and cation detection, Figure 6 , and in speciated mode, Figure 7 , for detection of the process chemistry present in the production bath.
• 'Soft' mode -the molecular ions are imparted with a low kinetic energy in the gas-phase.
• Gentle collisions minimize fragmentation and ligand loss.
• The integrity of the solution-species is preserved:
Suppressor Leveler Results Figure 8 presents the results obtained for the commercial copper bath "Virgin Makeup Solution (VMS)" containing accelerator and suppressor additives. The bath is new at this point and the organic additives are present at "normal" operational levels. We will show that the organic additives are consumed during processing unless they are replenished. The speciation capability of the instrument enables the identification of copper sulfate water clusters present in the VMS production solution (without organic additives), Figure 9 . The soft ionization or speciation mode enables the detection of intact clusters of copper ions with sulfate and water by minimizing their fragmentation in the mass-spectrometer. The chemical formulae of the species are reliable, although the structural assignments are speculative. A series of production process bath measurements were performed in order to determine the chemistry changes that occur as a function of wafer processing and aging time. There was no chemical replenishment in this case. The quantitative analysis results for changing copper concentrations as a function of process time are presented in Figure 10 . By operating in negative ion mode, similar results were obtained for chloride species.
In order to determine the quantitative concentration of accelerator and suppressor in the production solution it is first necessary to subtract the underlying spectrum produced by the'VMS' component of the bath. Figure 11 shows the results of such a subtraction.
The accelerator typical used is commonly called "SPS" and is more properly identified as bis (3-sulfopropyl) disulfide (CeH^S^e) . In order to provide quantitative analysis of this component, each sample is automatically spiked with enriched isotope standard as shown in Figure 12 . A quantitative direct measurement of the degradation of the SPS concentration in Cu BCD process solution which has been enabled by this capability is shown as a function of process time in Figure 13 . There has been no attempt to replenish the process solution as in the earlier cases. The loss of accelerator is due to a combination of factors including breakdown. The components of the breakdown processes are shown in Figure 14 . The CCA technology is equally applicable for the quantitation of typical suppressors, and for monitoring their breakdown. The appearance of the suppressor in the massspectrum in Figure 11 is typical of polyalkylene glycol polymers commonly used in commercial Cu BCD process solutions. We have chosen polyethylene glycol of average molecular weight 3350 a.m.u. (PEG-3350) to exemplify, Figure  15 . This figure depicts its mass-spectrum in positive-ion speciation mode following the addition of sodium ions (as NaOH) in the sample preparation module of the tool.
A Cu-ECD Suppressor Sample GPEG-3350): Characterization by formation of Na + adducts FIGURE 15. CCA analysis of organic suppressor additive
The symbol z indicates the number of sodium ions chelated by each polymer chain, and hence the resulting overall charge. Thus, for example, a polymer unit of mass 3350 a.m.u. that picks up two sodium ions gives rise to a peak in the massspectrum at m/z = (3350 + (2x23) ) / 2 = 1698, and similarly the adduct with four sodium ions appears at 860.5. The suppressor components in aged Cu BCD solution are easily recognized by the CCA tool. Figure 16 shows two mass-spectra; the first of the suppressor additive, and the second of a wellaged bath sample maintained by daily bleed-andfeed, in which the accumulation of low-mass polymer fragments appears at the expense of the longer chains in the replenishing solution. These solutions have also been treated with NaOH.
Breakdown of the suppressor in the Cu BCD process is characterized by cleavage of the polymer chains through the ether functionality, yielding two shorter polyalkylene glycol fragment chains. In turn these breakdown species undergo further chain shortening.
In summary, the IPMS CCA analyzer has been successfully used to identify and provide quantitative measurement of all key elemental and organic components present in Cu BCD solution. Measurements of bath chemistry as a function of bath usage and aging and have shown the expected depletion of initial process components as well as the formation of organic additive breakdown components.
CONCLUSIONS
The IPMS CCA has been successfully applied to measurement of Cu BCD process chemistry as a function of time and usage. The data collected in this first application demonstrate that the instrument is capable of providing molecular identification and quantitative measurement of the critical components present in commercial BCD baths (copper, chloride, sodium, and organic additives). It also provides identification and quantification of the decomposition products that occur during processing.
The CCA capability enables a new in-situ metrology tool for Cu Electrochemical Deposition process control. It provides full quantitative characterization and monitoring information.
Sample extraction and preparation are fully automated. The tool is operator unattended and fully compatible with Class 1 cleanroom operation and Fab data systems. It can be used in-line, real-time in the fab line or off-line in the sub-fab or fab chase as a "lab-in-a-box". Information provided by the tool enables automated and advanced process control opportunities that are now being explored.
